C-reactive protein (CRP) has been implicated in the regulation of inflammation underlying coronary artery disease; however, little is known about the molecular mechanisms responsible for the expression of its pro-or anti-inflammatory activities. Here, we have identified the intrasubunit disulfide bond as a conserved switch that controls the structure and functions of CRP. Conformational rearrangement in human pentameric CRP to monomeric CRP (mCRP) is the prerequisite for this switch to be activated by reducing agents, including thioredoxin. Immunohistochemical analysis revealed 36 -79% colocalization of thioredoxin and mCRP in human advanced coronary atherosclerotic lesions. Nonreduced mCRP was largely inert in activating human coronary artery endothelial cells (HCAECs), whereas reduced or cysteine-mutated mCRP evoked marked release of IL-8 and monocyte chemoattractant protein-1 from HCAECs, with ϳ50% increase at a concentration of 1 g/ml. Reduced mCRP was ϳ4 to 40-fold more potent than mCRP in up-regulating adhesion molecule expression, promoting U937 monocyte adhesion to HCAECs, and inducing cytokine release from rabbit arteries ex vivo and in mice. These actions were primarily due to unlocking the lipid raft interaction motif. Therefore, expression of proinflammatory properties of CRP on endothelial cells requires sequential conformational changes, i.e., loss of pentameric symmetry followed by reduction of the intrasubunit disulfide
(1-3). However, apparently contradictory results considerably hampered defining the precise role of CRP in atherogenesis and plaque vulnerability. For example, transgenic expression of human CRP or knockout of endogenous CRP in atherosclerosis-prone mice has been reported to accelerate (4) , not to affect (5) , or even to protect against atherosclerosis development (6 -7) . Transgenic expression of human CRP in rabbits did not promote lesion formation (8) . In addition, considering the proinflammatory actions of CRP on endothelial cells and leukocytes, it is unclear how the body adapts to the dynamic fluctuations in plasma CRP level in the range of 2-3 orders of magnitude (1) . These enigmas could be explained by the existence and controlled formation of different CRP isoforms (2, 9 -11) .
CRP has two conformationally distinct isoforms, i.e., circulating pentameric CRP (pCRP), composed of 5 identical subunits, and tissue-associated monomeric CRP (mCRP), formed by dissociation of pCRP subunits or produced directly by extrahepatic cells (12) . The overall effects of pCRP appear to be anti-inflammatory (9 -10), whereas mCRP possesses potent proinflammatory actions on endothelial cells (13) , neutrophils (14) , platelets (15) , and monocytes (16) . Moreover, conversion of pCRP to mCRP in the inflammatory microenvironment (9, 16 -17) could restrict the proinflammatory effects of CRP at the sites of tissue injury. These findings lead to the concept that mCRP is the major isoform amplifying local inflammatory responses, while pCRP may serve as the precursor of mCRP as well as a marker of inflammation.
At present, little is known about how the structure of CRP may affect its biological activities. Indeed, large variations in endothelial cell responses to CRP under different experimental conditions (13, 18 -19) imply a yet unidentified control mechanism. Here, we report that the intrasubunit disulfide bridge functions as a conserved redox-sensitive switch in CRP, the functionality of which requires conversion of pCRP to mCRP. We also show that thioredoxin (Trx), a ubiquitous reducing enzyme that is critical for thiol/disulfide redox homeostasis (20 -21) , frequently colocalizes with mCRP in human advanced coronary artery plaques and reduces the disulfide bridge in mCRP. Reduced mCRP exhibits more potent proinflammatory actions on human coronary artery endothelial cells (HCAECs) in vitro, on rabbit blood vessels ex vivo, and in mice. We propose that the highly controlled interplay between different structural conformations underlies the intrinsic properties of CRP as fine modulator of inflammation, thereby linking endothelial cell dysfunction and microenvironment redox status to coronary artery disease.
MATERIALS AND METHODS

Reagents
Human native pCRP (purity Ͼ99%) was purified from ascites or purchased from BindingSite (Birmingham, UK). mCRP was produced by dissociation of pCRP in 8 M urea-EDTA (22) , low-pH EDTA (22) , or low-salt buffer-EDTA (23) (24) . Cysteine (Cys)-mutated mCRP was prepared as described previously (17, 24 -25) . In this mutant, the two Cys were replaced with alanine (Ala). Rabbit pCRP and mCRP were prepared as described previously (23, 26) . Proteins were dialyzed to remove NaN 3 , assayed for endotoxin contamination by the Limulus assay (Sigma-Aldrich, St. Louis, MO, USA), and passed through Detoxi-Gel columns (Thermo Fisher Scientific, Rockford, IL, USA) to remove endotoxin when necessary. The endotoxin level in all protein solutions was below the detection level (0.06 EU/ml) of the Limulus assay. Mouse anti-human mCRP and pCRP mAbs were generated as described previously (27) . Reagents were purchased from Sigma-Aldrich unless otherwise stated.
We have used 2 methods to reduce the intrasubunit disulfide bridge in mCRP. In the first method, 5 mM dithiothreitol (DTT) was present during the preparation of mCRP from pCRP by urea-EDTA. To prevent spontaneous reoxidation, reduced mCRP was dialyzed into a buffer containing 0.1 mM DTT. This procedure resulted in complete reduction of the disulfide bridge in mCRP. In the alternative method, preformed mCRP was incubated with reducing agents [DTT, glutathione (GSH), or Cys] or Trx immediately before the binding or cell-stimulation assays. This method yielded partially reduced mCRP (Fig. 1) .
Sodium dodecylsulfonate-polyacrylate gel electrophoresis (SDS-PAGE) and immunoblotting
Reduced and nonreduced mCRP samples were analyzed by 12% nonreducing SDS-PAGE, in which the reduced subunit ran slower than the nonreduced subunit. Before electrophoresis, 50 mM N-ethylmaleimide (NEM) was added to quench the reducing reaction and to prevent the reoxidation of the free thiols during electrophoresis. To minimize structural disturbance, samples were not heated (19) . The bands were visualized by silver staining. For Trx-reduced mCRP, samples were transferred to PVDF membranes and probed with 3H12 mAb against mCRP or a sheep anti-human CRP polyclonal antibody (BindingSite). The content of reduced mCRP was calculated as the band intensity of reduced mCRP/(band intensity of reduced mCRP ϩ band intensity of nonreduced mCRP) ϫ 100%.
Assessment of protein conformation
Circular dichroism (CD) spectra were recorded on a Jasco 810 spectrophotometer (Jasco, Easton, MD, USA) to determine changes in the secondary structure of mCRP. Intrinsic fluorescence (excitation: 280 nm; emission: 345 nm) and 8-anilino-1-naphthalenesulfonate (ANS; Sigma-Aldrich) fluorescence (excitation: 380 nm; emission: 480 nm) were collected on an LS-55 spectrofluorometer (PerkinElmer, Waltham, MA, USA) to measure changes in the tertiary packing of mCRP. ANS is nonfluorescent in polar solvents but shows significant increase in fluorescence following binding to protein hydrophobic regions. A 20-fold molar excess of ANS was incubated with the samples for 30 min in the dark. The influence of DTT in the range of intrinsic fluorescence emission was assessed and corrected by using Cys-mutated mCRP.
In-gel digestion and mass spectrometry
Following separation by nonreducing SDS-PAGE, the bands corresponding to reduced and nonreduced mCRP were excised. After washing and drying, in-gel digestion was accomplished by trypsin (Promega, San Luis Obispo, CA, USA) treatment for 16 h at 37°C. The digested mCRP peptides were extracted and analyzed with a matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometer (Kompact MALDI IV; Shimadzu, Hong Kong, China) equipped with a nitrogen laser (337 nm) at acceleration energy of 20 kV. All spectra were acquired in linear negative mode, and the peptide peaks were identified by the DeNovo software (DeNovo Software, Los Angeles, CA, USA) using the Swiss-Prot database.
Ligand interactions
The C1q binding (25) , C3 activation (25) , LDL binding (24) , and lipid monolayer insertion assays (24, 28) were performed as described previously. Briefly, reduced or nonreduced FITC-labeled mCRP was added to C1q-or LDL-coated wells for 1 h at 37°C, and mCRP binding was determined by fluorescence intensity and expressed as nanograms of protein bound. mCRP-ligand interactions were also evaluated by using fluid-phase ligands and immobilized mCRP. Antibodies against C1q or LDL (Sigma-Aldrich) were used to determine the binding to mCRP. For C3 activation, 2% normal human serum (NHS) was added to mCRP-coated wells for 1 h at 37°C. C3d deposition was detected by a sheep anti-human C3d polyclonal antibody (BindingSite). For monolayer insertion, protein was injected beneath the lipid monolayer composed of egg phosphatidylcholine:sphingomyelin:cholesterol (mol/mol/mol, 1:1:1), which resembles the composition of lipid raft in cell plasma membrane. Membrane insertion was monitored by increases in surface pressure.
Endothelial cell responses
HCAECs (Cell Applications, San Diego, CA, USA) were cultured as described previously (17) . Confluent HCAEC (at passages 4 to 6) monolayers in 96-well microplates were cultured with mCRP for 4 h. Interleukin (IL)-8 and monocyte chemoattractant protein (MCP)-1 concentrations in conditioned medium were determined by commercial ELISA kits (BD Pharmingen, San Diego, CA, USA) (17) . Cell surface expression of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-selectin (BD Pharmingen) were determined by immunofluorescence (17) . Nonspecific binding was evaluated by use of isotypematched irrelevant mouse IgG. For detection of reactive oxygen species (ROS), HCAECs were stimulated for 2 h. After 2 washes, HCAECs were incubated with 10 M dichlorodihydrofluorescein diacetate (H 2 DCF-DA; Invitrogen, Carlsbad, CA, USA) for an additional 30 min; fluorescence was measured in a Biotek Synergy HT plate reader (Biotek Instruments, Winooski, VT, USA). Cell-associated ROS were visualized by Leica DM5000B fluorescence microscope (Leica Microsystems, Wetzlar, Germany). For monocyte adhesion, 100 l phorbol myristate acetate (PMA)-activated U937 monocytes (5ϫ10 5 /ml) were added to HCAEC monolayers for 30 min. The wells were gently washed 3 times, and HCAECs together with the attached monocytes were stained with crystal violet. Attached monocytes were counted in 5 randomly photographed fields. To exclude possible confounding effects from endotoxin, all experiments were performed in the presence of 20 U/ml polymyxin B. The residue concentrations of reducing agents during the functional assays were Ͻ0.25 mM for DTT and Ͻ1 mM for GSH and Cys. Our preliminary data showed that the reducing agents at these concentrations did not affect HCAEC responses.
Cytokine release from rabbit thoracic aortas ex vivo
Thoracic aortas dissected from New Zealand rabbits were cultured for 16 h in RPMI 1640 supplemented with 5% fetal bovine serum (FBS) at 37°C in 5% CO 2 atmosphere. The vessels were incubated with 50 g/ml mCRP or reduced mCRP for 4 h. IL-8 released from blood vessels was determined by ELISA kit (Westang, Shanghai, China) and normalized by vessel size.
Cytokine release in mice
Male Kunming mice (20 -25 g) were injected intraperitoneally with vehicle or with mCRP or reduced mCRP at 2.5 mg/kg body weight. Reduced mCRP and mCRP were prepared from pCRP by urea-EDTA in the presence or absence of 5 mM DTT, respectively. This protocol yielded nearly complete mCRP reduction and minimized the amounts of reducing agent injected into the animals. At 2 h postinjection, the animals were anesthetized with ether, and the peritoneum was perfused with 500 l PBS. Perfusate IL-6 and IL-10 Intrasubunit disulfide bond is redox sensitive in mCRP but not pCRP. Samples were treated with NEM to block free thiols of proteins and residue-reducing agents, and then subjected to nonreducing SDS-PAGE. Content of reduced mCRP was calculated as the band intensity of reduced mCRP/(band intensity of reduced mCRP ϩ band intensity of nonreduced mCRP) ϫ 100%. A) mCRP, pCRP, or Cys-mutated mCRP was treated with 5 mM DTT or 20 mM Cys, GSH or GSH-disulfide (GSSG) for indicated times. During the assay, 2 mM Ca 2ϩ was present to prevent spontaneous dissociation of pCRP. B) mCRP was treated with increasing concentrations of DTT for 2 h at 37°C, diluted with nonreducing sample buffer, and subjected to SDS-PAGE without heating. Heat-treated (100°C, 5 min) mCRP in reducing loading buffer served as control. Bands corresponding to reduced and nonreduced mCRP were in-gel trypsinized, extracted, and analyzed by mass spectrometry. Presence of the finger peptide aa 32-47 with Cys modified with NEM was observed only for reduced mCRP. Full spectra are included in Supplemental Fig. S1 . C) DTT (10 mM)-treated mCRP was incubated at room temperature to assess the autooxidation or spontaneous reformation of the intrasubunit disulfide bond. First 22 h incubation was conducted under dialysis conditions to remove DTT. Untreated mCRP served as nonreduced control (Ctrl 1). Intersubunit disulfide cross-linking could be visualized only following a combination of autooxidation and unfolding treatments (Ctrl 2). levels were determined by specific ELISA kits (Westang). The experimental protocols were in accordance with the policies of Lanzhou University.
Immunohistochemistry
Human archival coronary artery specimens were obtained from the Tissue Bank at the Montreal Heart Institute (Montreal, QC, Canada). The Clinical Research and Ethics Committees at the Tissue Bank (CERICM 08-1063) and the Maisonneuve-Rosemont Hospital (CER-08011) approved the experimental protocols. Aortic segments were frozen in optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA) or embedded in paraffin and stored at Ϫ80°C. Atherosclerotic lesions were classified according to the American Heart Association. Patient characteristics are reported in Supplemental Table S1 . Specimens were cut into 6-m serial sections, immobilized on precleaned microscope slides, and thawed at room temperature for 30 min, followed by fixation in acetone (Ϫ20°C for 20 min), 10% buffered formalin (2 min at room temperature), and absolute ethanol (10 min at room temperature). Immunohistochemical detection was done with a Discovery XT immunostainer (Ventana Medical Systems, Tucson, AZ, USA) performing deparaffinization and antigen retrieval with proprietary reagents. Slides were treated with anti-human CRP antibody clone 8D8, anti-human mCRP antibody clone 9C9 (both used as tissueculture supernatant in a 1:50 dilution; ref. 7) , mouse antihuman Trx antibody clone 2B1 (ABD Serotec, Oxford, UK), or mouse IgG isotype-matched control (ABD Serotec) for 60 min, and then incubated with a biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA) for an additional 30 min. Subsequently, slides were incubated with an anti-avidin-biotin-peroxidase system, and the reaction products were stained with DAB substrate kit (DABmap kit, Ventana Medical Systems) for CRP and mCRP or Fast Red kit (Redmap kit, Ventana Medical Systems) for Trx. Double immunostaining was performed on some slides by sequentially staining for mCRP and Trx. Slides were then counterstained with hematoxylin, mounted, and scanned at ϫ40 magnification using the C9600 NanoZoomer System (Hamamatsu Photonics K.K., Hamamatsu, Japan), which is capable of adjusting focus on any part of the slide. Virtual slides were visualized and analyzed with the NDP Scan 2.0 software (Hamamatsu Photonics) and digital pictures were taken to illustrate antibody localization.
Assessment of colocalization of mCRP and Trx
Color stains in the image were separated using color deconvolution (29) . The RGB components of each stain were determined by manually selecting areas of the image where they did not seem to mix using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA). A linear equation system for each pixel in the image was used to determine the amounts of each of these 3 dyes, based on their RGB components, resulting in separate images for each dye. An automated threshold method implemented in Matlab (Mathworks, Natick, MA, USA) was then applied to single-color images to differentiate foreground and background pixels using the method of Otsu (30) . The colocalization ratios were computed as the total amount of common foreground pixels of 2 colors over the total amount of foreground pixels of each color. An observer unaware of histological classification and staining of the samples performed this analysis.
Immunofluorescence labeling was performed as described (31) . In brief, sections were incubated overnight with mouse anti-mCRP (clone 9C9) and goat anti-Trx (American Diagnostica, Stamford, CT, USA) mAbs at 4°C in a humidified chamber. After 3 washes with PBS, sections were incubated with a solution containing amino-methyl-coumarin-acetate (AMCA)-coupled rabbit anti-goat IgG (Millipore, Billerica, MA, USA), Cy5-conjugated donkey anti-mouse IgG (Millipore), and Alexa-488-conjugated anti-E-cadherin Ab (Cell Signaling, Danvers, MA, USA) for 1 h at room temperature in a dark humidified chamber. Following 3 washes, sections were mounted on coverslips in mounting medium (Vector Laboratories). Images were captured in a Leica DMRI fluorescence microscope equipped with a digital camera (Retiga EX; QImaging, Surrey, BC, Canada) and OpenLab software (OpenLab Srl, Florence, Italy).
Statistical analysis
Data are presented as means Ϯ se. Statistical analysis was performed by the Mann-Whitney U test or Kruskal-Wallis ANOVA using ranks. Values of P Ͻ 0.05 were considered significant.
RESULTS
Intrasubunit disulfide bond is redox sensitive in mCRP but not pCRP
The redox-controlled thiol/disulfide exchange, or "sulfur switch," is a major regulatory mechanism operating in many biological processes (32) . Since each human CRP subunit possesses 2 Cys residues (Cys36 and Cys97) that form an intrasubunit disulfide bond, we asked whether this bond was redox sensitive. Nonreducing SDS-PAGE and mass spectrometry analysis showed that the reducing agents DTT, GSH, or Cys did not reduce pCRP, not even after prolonged treatment (Fig. 1A) . Indeed, the disulfide bond is packed inside the pCRP subunit (33) , thereby preventing the access of exogenous reductants. By contrast, DTT, GSH, and Cys effectively reduced the disulfide bridge in mCRP (Fig.  1A, B and Supplemental Fig. S1 ). Moreover, following removal of the reducing agent via dialysis, the reduced Cys in mCRP underwent spontaneous reoxidation with the intrasubunit disulfide bond as the single product (Fig. 1C) . These findings indicate that conformational rearrangement in pCRP, yielding mCRP, is required for reversible redox regulation of the intrasubunit disulfide bond.
Reducing the intrasubunit disulfide bond enhances mCRP binding to complement C1q but not to LDL
Since dissociation of pCRP to mCRP is associated with significantly enhanced capacity to bind LDL (24) and activate complement (25), we investigated the effect of reduction of the disulfide bond on these interactions. Reduced mCRP exhibited LDL interacting capacity comparable to that of nonreduced mCRP ( Fig. 2A) . Nonreduced mCRP avidly bound C1q and effectively activated complement via the classic pathway; however, reduction of the disulfide bond in mCRP further enhanced these activities (Fig. 2B, C) . The increased complement-activating capacity of reduced mCRP was not due to higher coating when immobilized at 5 g/ml (Fig. 2D) . Taken together, these results indicate that irrespective of its redox states, mCRP is able to interact with LDL and C1q, and to activate the complement cascade.
Reducing the intrasubunit disulfide bond in mCRP markedly enhances its capacity to stimulate HCAECs
Since endothelial cell activation is a critical event in the development of coronary artery disease, we compared responses of HCAECs to nonreduced and reduced mCRP. Consistent with a previous report (19) , nonreduced mCRP at concentrations up to 100 g/ml was essentially inert in evoking HCAEC responses within 4 h incubation (Fig. 3A) . By contrast, reduction of the disulfide bond by DTT, GSH, or Cys, or mutation of Cys residues to Ala in mCRP (Cys-mutated mCRP), yielded molecules with markedly enhanced potency in inducing IL-8 and MCP-1 release (Fig. 3) . For instance, reduced mCRP at a concentration as low as 1 g/ml produced ϳ50% increase in cytokine production, suggesting that even low-throughput reduction of mCRP may be sufficient to exert significant biological activities under pathological conditions. Treatment of mCRP with oxidized DTT, GSH-disulfide, or cystine failed to augment its biological activities (Fig. 3B) . Furthermore, the stimulatory effects of LPS and PMA on HCAECs were mildly suppressed rather than enhanced in the presence of reducing agents (Fig. 3C) . More important, Cys-mutated (i.e., disulfide bond-free) mCRP was constitutively active in stimulating HCAECs (Fig. 3C) . In SDS-PAGE, Cys-mutated mCRP migrated at the same position as reduced mCRP (Fig. 1A) , and its biological activities were similar in the absence or presence of reducing agents (Fig. 3C) . Of note, like native pCRP (13, 17, 19) , DTT-treated pCRP did not evoke detectable changes in cytokine release within 4 h incubation (data not shown). Thus, the augmented HCAEC responses to reduced mCRP can be attributed to breakage of the intrasubunit disulfide bond rather than to other actions of the reducing agents.
Trx reduces mCRP and colocalizes with mCRP in human coronary artery atherosclerotic plaques
Trx is the central component of the intracellular thiol/ disulfide redox system (20) . Accumulating evidence also indicates important roles for extracellular Trx, including cytokine-like actions (34) . Our results demonstrate that Trx can also effectively reduce mCRP (Fig. 4A) . On a molar basis, Trx was 1000-fold more efficient than DTT, GSH, or Cys. Consistent with results obtained with other reducing agents, Trx treatment markedly enhanced the bioactivities of mCRP, but had no effect on Cys-mutated mCRP (Fig. 4B) . Using CRP isoform-selective antibodies, we detected mCRP but not pCRP in human coronary artery atherosclerotic lesions, whereas apparently healthy coronary artery segments did not stain for mCRP or pCRP (Fig. 4C) . Furthermore, mCRP staining frequently coincides with staining for Trx within advanced atherosclerotic lesions (Fig.  4C) . Analysis with the ImageJ software revealed that 35.8 -78.6% of mCRP-positive areas also stained positive for Trx (nϭ6). Both mCRP and Trx staining were predominantly localized extracellularly (Fig. 4D) , suggesting that mCRP reduction by Trx may occur within the unstable plaque.
Reduction of the disulfide bridge in mCRP unlocks the cholesterol-binding sequence
To address the mechanism by which reduction of the disulfide bridge resulted in a more active mCRP form, we assessed reduction-induced conformational changes. Reduced mCRP exhibited nearly unaltered CD spectrum, mildly enhanced intrinsic fluorescence (ϳ12%) and significantly increased ANS fluorescence (ϳ37%) (Fig. 5A-C) . These findings indicate that reduction of the disulfide bond does not evoke overt changes in the gross structure of mCRP; rather, it primarily results in relaxation of local packing, presumably due to breakage of the constraint imposed by the intrasubunit disulfide bridge. This implies a critical role of sequence around the Cys in mediating reductionassociated functional alterations. Because Cys36 resides within the cholesterol-binding sequence (i.e., aa [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] that mediates mCRP stimulation of endothelial cells through interaction with lipid rafts (28), we reasoned that unlocking of the cholesterol-binding sequence was most likely responsible for translating reduction-induced trivial structural changes to significant mCRP cell stimulation activity. Indeed, breaking the disulfide bond by reducing agents or mutating the two Cyss significantly enhanced the interaction of mCRP with lipid rafts in both model and HCAEC membranes (Fig.  5D) , consistent with the remarkably enhanced responses of HCAEC to reduced mCRP.
Sequence alignment of CRPs from various species (Supplemental Fig. S2A ) and homology modeling (Supplemental Fig. S2B ) revealed that Cys36 and Cys97 of human CRP, the intrasubunit disulfide bond, and the Cys-containing cholesterol-binding sequence (L/V-C-X (0 -3) -Y-X (2-6) -R/K; Supplemental Fig. S2A ) are invariant throughout the evolution, highlighting an important and a conserved role for the disulfide bond in the structure and function of CRP. Consistent with this notion, reduction of the disulfide bridge was also required for rabbit mCRP to induce IL-8 and MCP-1 release from HCAECs (Supplemental Fig. S2C ).
Reduction of the disulfide bridge enhances the proinflammatory actions of mCRP in vitro and in vivo
Next, we compared the biological activities of reduced and nonreduced mCRP. Reduced mCRP was more potent than nonreduced mCRP to induce ROS production in HCAECs (Fig. 6A) ; to up-regulate expression of VCAM-1, ICAM-1, and E-selectin (Fig. 6B) ; and to enhance monocyte adhesion to HCAECs (Fig. 6C) . Moreover, reduced mCRP evoked considerably higher IL-8 and IL-6 release from rabbit thoracic aorta ex vivo (Fig. 6D ) and in mice than nonreduced mCRP (Fig.   Figure 3 . Reduction of the intrasubunit disulfide bond markedly augments the potency of mCRP to activate HCAECs. A) HCAECs were cultured with increasing concentrations of mCRP or reduced mCRP prepared by method 1, as described in Materials and Methods, for 4 h, and IL-8 and MCP-1 levels in culture medium were determined (nϭ4). *P Ͻ 0.05 vs. vehicle; # P Ͻ 0.05 vs. nonreduced mCRP. B) Cytokine release from HCAECs cultured for 4 h with 20 g/ml mCRP pretreated with DTT (5 mM), GSH (20 mM), or Cys (20 mM) or their oxidized counterparts, i.e., oxidized DTT (oxDTT), GSH-disulfide (GSSG), and cystine (CySS) (nϭ6). *P Ͻ 0.05. C) Cytokine release from HCAECs cultured for 4 h with Cys-mutated mCRP (20 g/ml), PMA (100 nM), or LPS (2 g/ml) with or without 5 mM DTT pretreatment. IL-8 and MCP-1 levels were measured in culture medium and expressed as fold increase compared to vehicle control (nϭ4). 6E). Taken together, these data establish the intrasubunit disulfide bond as an important switch that controls the structure and bioactivities of mCRP both in vitro and in vivo, the reduction of which enhances the interaction of mCRP with membrane lipid raft microdomains via exposure of the cholesterol-binding motif.
DISCUSSION
CRP has been implicated in multiple aspects of atherogenesis and plaque vulnerability. Accumulating evidence indicates that the structure of CRP profoundly affects its actions; however, little is known of how the CRP actions are regulated. In the present study, we identified the intrasubunit disulfide bridge as a redoxsensitive switch whose reduction is required for the expression of potent proinflammatory actions once the pentameric symmetry in pCRP is lost.
Although CRP immunoreactivity and mRNA have been detected in atherosclerotic lesions (1-3, 9, 35), it is still uncertain which CRP isoform is predominant, because the widely used anti-CRP antibodies recognize both pCRP and mCRP (9) . Presence of calcium is thought to prevent pCRP3mCRP conversion (1). However, binding of pCRP to activated platelets (16) and damaged cell membranes (17) results in rapid dissociation of pCRP into mCRP even in the presence of calcium. Indeed, recent immunohistochemical studies using selective mAbs to pCRP and mCRP detected mCRP, rather than pCRP, in human aortic atherosclerotic plaques (16) , and this was confirmed in early and advanced coronary artery plaques in the present study. for the indicated time periods, and then subjected to nonreducing SDS-PAGE followed by immunoblotting. DTT at a concentration present in reduced Trx preparation did not produce detectable reduction of mCRP. mCRP treated with DTT (5 mM; Ctrl 1) and pCRP treated with Trx (20 g/ml for 4 h; Ctrl 2) served as controls. During the assay, 2 mM Ca 2ϩ was present. Relative reduction activities were calculated as percentage of reduced mCRP ϫ 10 3 /molar ratio of reducing agents to mCRP substrate. Determination of free thiols in mCRP before and after reduction revealed that 19.8 Ϯ 2.4% of mCRP was reduced by Trx (nϭ4). B) Cytokine release from HCAECs cultured for 4 h with mCRP treated with Trx (5 g/ml for 30 min; nϭ3). *P Ͻ 0.05 vs. control; # P Ͻ 0.05 vs. nonreduced mCRP. C) Detection of mCRP and Trx in human coronary artery plaques. Frozen human coronary artery segments (6-m sections) were stained with antibodies that recognize pCRP (clone 8D8), mCRP (clone 9C9), or Trx, followed by a goat anti-mouse HRP-conjugated antibody. Slides were incubated with an avidin-biotin-peroxidase system; reaction products were stained with DAB (for mCRP and CRP) and Fast Red (for Trx) and then counterstained with hematoxylin. Staining with isotype-matched nonspecific mouse IgG plus DAB or Fast Red served as controls. Results are representative for 6 samples from different donors. High-power fields show double immunostaining of fibrofatty plaque sample for mCRP (brown) and Trx (red). Scale bars ϭ 100 m. D) Triple-staining immunofluorescence for E-cadherin (green), Trx (blue), and mCRP (red) in fibrofatty plaques. Control was stained with secondary antibodies only. Images were captured in a Leica DMRI fluorescence microscope equipped with a Retiga EX digital camera and OpenLab software. Results are representative of 3 samples from different donors.
The weak signal or even absence of pCRP would suggest the lability of this protein in the inflammatory microenvironment. We cannot exclude the possibility that the conformational determinants in pCRP might partially be altered or occupied by ligands (such as PC or C1q), leading to failure of detection by relevant mAbs; nonetheless, these findings would indicate involvement of mCRP rather than pCRP in progression of atherosclerotic lesions.
Evolutionary conservation of the disulfide bond forming Cys in CRP (Cys36 and Cys97) hints at the importance of this feature at the structural and/or functional level. Because of the compact fold of the pCRP subunit (33) , conformational rearrangement to mCRP with significantly relaxed tertiary packing is the prerequisite for the disulfide bond to be accessible by physiological reductants, such as Trx, GSH, and Cys. Our data show that reduction of the disulfide bridge results in mild structural changes in mCRP concomitant with moderately enhanced interactions with complement. The most striking consequence of reduction of mCRP is the remarkable augmentation of its potency to stimulate IL-8 and MCP-1 production and ROS generation in HCAECs; to induce adhesion molecule expression on HCAECs, thereby promoting monocyte-HCAEC adhesion; and to evoke release of IL-8 and IL-6 ex vivo and in vivo, respectively. Likewise, removal of the disulfide bond by mutating Cys to Ala yields a molecule with biological activities comparable to those of reduced mCRP. These observations thus identify the intrasubunit disulfide bridge as a redox-sensitive switch that controls the structure as well as the biological activities of CRP. The redox state of this switch may also explain the reported differences in endothelial cell responses to nonreduced mCRP (18 -19) and Cysmutated mCRP (13, 28) . Moreover, the function of mCRP might have been affected by the presence of reducing agents, common constituents of culture medium, under certain experimental conditions. While mCRP binds CD16 on phagocytes (26), we have previously shown that HCAEC responses to mCRP are predominantly mediated through interaction of a cholesterol-binding sequence in the CRP subunit with cholesterol-rich lipid rafts of plasma membranes (28) . Since Cys36 is located within the cholesterol-binding sequence (aa [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , it is plausible that the full functionality of the cholesterol-binding sequence depends on the release of the structural constraint imposed by the disulfide bridge formed between Cys36 and Cys97. Consistently, reduction of the disulfide bond significantly enhanced mCRP binding to endothelial cell lipid raft membranes; while disrupting lipid rafts abrogated binding of both reduced mCRP and Cys-mutated mCRP to HCAEC as well as HCAEC responses to these modified proteins. Moreover, our conservation analysis and experiments with human and rabbit mCRP orthologs suggest that lipid raft binding and redox regulation are evolutionally conserved mechanisms critical for modulation of the structure and function of CRP.
Sulfur switch is an essential component of redox regulation (32) , as documented by the redox-sensitive activities of the transcription factors AP-1 and NF-B, the chaperone Hsp33, the cation channel TRPC (36), angiotensinogen (37) and ␤-defensin 1 (38) . We show here that CRP, the prototypic acute-phase reactant, also possesses such a switch (i.e., Cys36), expressing an on state in the reduced form. It may appear paradoxical that reduction of mCRP could occur in the oxidative inflammatory microenvironment, such as the atherosclerotic plaque. However, reduced mCRP could activate HCAECs at concentrations Ͻ1 g/ml in vitro, suggesting that even small amounts of reduced mCRP are likely sufficient to evoke pronounced endothelial responses in situ. Moreover, mCRP generated from pCRP predominantly occurs on damaged or activated cell membranes (16 -17) , favoring local accumulation of mCRP and its subsequent reduction by secreted and/or membrane-associated Trx (39) . Indeed, our immunohistochemistry and immunofluorescence studies demonstrating frequent colocalization of Trx with mCRP at the cell surface in the intima of human advanced atherosclerotic plaques support this notion and suggest that Trx-mediated activation of the sulfur switch in mCRP would likely occur in vivo. However, direct proof of its occurrence in vivo awaits development of a specific marker to identify the reduced form of mCRP. Of note, extracellular Trx is an emerging biomarker of inflammation (20, 40) and unstable angina (41) . Increased extracellular Trx expression has been detected in coronary culprit lesions in patients with unstable angina (42) . Macrophages and vascular cells release Trx in response to proatherogenic molecules, such as oxidized LDL (21, 39) . In addition, other extracellular reductants (e.g., Cys and GSH) and secreted or cell surface reductase (e.g., Grx) may also contribute to the reduction of mCRP.
Trx has been shown to function as a costimulator with TNF-␣ to activate fibroblasts (34) . It remains to be investigated whether Trx could also synergize with reduced mCRP, though our data show that reduced mCRP is sufficient to evoke robust HCAEC responses in the absence of Trx. Low-level Trx expression in early atherosclerotic lesions would suggest that mCRP reduction might more likely occur in vulnerable plaques. mCRP promotes recruitment of monocytes/macrophages (16), the predominant source of Trx, thereby . Adhesion molecule expression was assessed by staining with specific antibodies followed by a fluorescent dye-conjugated secondary antibody (nϭ6). C) Monocyte adhesion to HCAECs. HCAECs were stimulated for 4 h with mCRP or reduced mCRP (20 g/ml). After washing, PMA-activated U937 monocytes were added for 30 min. Cells were stained with crystal violet and photographed, and adherent monocytes were counted (nϭ3). D) IL-8 release from rabbit aorta. Rabbit thoracic aorta segments were cultured for 4 h with 50 g/ml mCRP or reduced mCRP. IL-8 release was determined with specific ELISA (nϭ4). E) IL-6 release from mouse peritoneum. Male Kunming mice were injected intraperitoneally with human mCRP, reduced mCRP, or Cys-mutated mCRP (2.5 mg/kg). At 2 h postinjection, the peritoneum was perfused, and IL-6 concentrations were determined (nϭ6 -8). *P Ͻ 0.05 vs. control; # P Ͻ 0.05 vs. untreated mCRP.
forming a vicious circle that may trigger acute coronary events. The limited availability of human coronary artery specimens precluded direct assessment of the presence of reduced mCRP. However, we detected cell-associated mCRP reduction by COS-7 cells transfected with GFP-Trx (unpublished results). Trx is generally thought to exert anti-inflammatory actions, however, it also possesses potent proinflammatory activities. For instance, extracellular Trx contributes to the progression of arthritis via reduction of TRPC channel (36) , and inhibition of Trx/Trx reductase is beneficial in certain cancers (43) . We thus propose that Trx regulation of the redox state of mCRP is another mechanism that may tip the balance of its pro-and anti-inflammatory activities under pathological conditions. Interestingly, Trx desensitize monocytes to MCP-1 but not IL-8 (44) , further highlighting the intricate interplay among various factors within inflammatory loci. Based on previous and our present findings, we propose a two-step model for the expression of proinflammatory actions in pCRP (Fig. 7) . First, pCRP undergoes conformational changes to dissociate into mCRP, which exhibits altered ligand recognition and interaction capacity (9, 24 -25) . Irrespective to its redox state, mCRP may regulate LDL metabolism (24, 45) and complement activation (25) , likely exerting atheroprotective actions, in particular at initial stages of lesion development (46) by enhancing innate immunity and the clearance of the damaged cells. Second, reduction of the intrasubunit disulfide bridge removes additional structural constraints on mCRP posed by the disulfide bond and unlocks the cholesterol-binding sequence, thereby unmasking proinflammatory activities, which may accelerate disease progression and trigger acute events. The actions of reduced mCRP might, however, be limited by proteolysis and Cys3disulfide reoxidation. Therefore, interpretation of the role of CRP in cardiovascular disease should take into account the highly context-dependent interplay between the biological actions of different structural states of CRP isoforms.
In summary, our study identifies the intrasubunit disulfide bridge in CRP as a redox switch that profoundly affects its biological properties. However, this switch can only be activated following loss of pentameric structure in CRP. Native pCRP can rapidly dissociate into mCRP on the surface of damaged or activated cells and thus can be exposed to Trx or other reducing agents at sites of inflammation. This 2-step regulatory mechanism would then ensure prompt and localized responses, uncoupling the local effective concentration of mCRP from circulating levels of pCRP, and would determine the expression of anti-or proinflammatory activities of pCRP, mCRP, and reduced mCRP during inflammation. These multiple layers of regulation would underlie the intrinsic competence of CRP as a fine modulator of activation of endothelial and other cells to adjust the intensity of local inflammation, ultimately contributing to progression of atherosclerosis and development of unstable plaques in the coronary artery. Proposed 2-step model for the structure/activity interplay of CRP isoforms during inflammation underlying coronary artery disease. First, pCRP undergoes conformational changes to dissociate into mCRP. Irrespective of its redox state, mCRP may regulate LDL metabolism and complement activation. Second, reduction of the intrasubunit disulfide bridge removes additional structural constraints in mCRP posed by the disulfide bond and unlocks the cholesterol-binding sequence, thereby unmasking potent proinflammatory actions on endothelial and other cells.
